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2Abstract
  Magnetic materials with giant saturation magnetization (Ms) have been a holy grail 
for magnetic researchers and condensed matter physicists for decades because of its 
great  scientific  and  technological  impacts.  As  described  by  the  famous  Slater-
Pauling (SP) curve1,2, the material with highest Ms is the Fe65Co35 alloy (Ms  ~ 1900 
emu/cm3)3. This was challenged in 1972 by a report on the compound Fe16N2 with Ms 
about  18% higher  than that  of  Fe65Co354.  Following  this  claim,  there  have  been 
enormous efforts to reproduce this result5, 6,  7,  8,  9,  10,  11,  12,  13 and to understand the 
magnetism14,   15,  16,  17,  18 of  this compound. However,  the reported Ms by different 
groups cover a broad range19, mainly due to the unavailability of directly assessing 
Ms in Fe16N2. In this article, we report a direct observation of the giant saturation 
magnetization up to 2500 emu/cm3  using polarized neutron reflectometry (PNR) in 
epitaxial  constrained Fe16N2 thin films prepared using a low-energy and surface-
plasma-free  sputtering  process.  The  observed  giant  Ms is  corroborated  by  a 
previously proposed “Cluster + Atom” model20, the characteristic feature of which, 
namely, the “directional charge transfer” is evidenced by polarization-dependent x-
ray absorption near edge spectroscopy (XANES).
  
3Introduction
  While the material  α”-Fe16N2 and its interesting magnetic  behavior were discovered 
decades ago, there is still no unified answer to the question on whether this phase has a 
giant saturation magnetization (Ms). An important aspect that emerges upon examination 
of the magnetization of this system is that conventional magnetometer-based (VSM or 
SQUID) methods can only measure the total magnetic moment of the samples. Given the 
metastable nature of α”-Fe16N2, it has been challenging to develop bulk samples with pure 
phase  (N  fully  ordered)21.  For  thin  film  processing,  to  avoid  the  formation  of 
thermodynamic equilibrium phases (e. g. γ’-Fe4N), “epitaxial constraint” is a method of 
choice. However, these films usually require complicated choices and delicate treatment 
of underlayers and substrates. The subsequent evaluation of the Ms values of these thin 
films  involves  challenging  estimation  of  thin  film  volume  and  subtle  assessment  of 
magnetic contributions from underlayers, substrates or possible impurity phases, resulting 
in unpredictable errors. These issues have been the primary cause of the controversy of 
this topic since the original claim of giant saturation magnetization 40-years agoError:
Reference source not found. 
The  polarized  neutron  reflectometry  (PNR)  measurement  method  has  become 
increasingly popular as an experimental technique to probe the depth-dependent magnetic 
properties  of thin films over  the last  decades,  due to the availability of more intense 
sources22.  Given  the  sensitive  interaction  between  the  neutron  spin  and  magnetic 
inducting field (B) within the ferromagnetic materials, it allows a direct determination of 
the depth-dependent magnetic structure23. Inspired by these considerations, we used PNR 
4to  study  epitaxial  Fe16N2 thin  films,  and  observed  a  giant  Ms up  to  2500  emu/cm3, 
providing direct evidence of the existence of giant Ms in this material system. 
 Results
Structural analysis of epitaxial Fe-N films  
  We  start  our  discussion  by  providing  a  detailed  structure  and  chemical  analysis. 
Epitaxial Fe16N2 thin films are grown on GaAs (001) single crystal substrate by using a 
facing target sputtering (FST) process24,  25. A typical out-of plane θ/2θ scan is shown in 
Fig. 1a, which clearly indicates the formation of the chemically ordered Fe16N2 phase 
with (00l) orientation as evidenced by the signature (002) reflection coming from the N 
site ordering. Remarkably, as explored by the grazing incident x-ray diffraction (GIXRD) 
(Fig. 1b and c), the in-plane lattice constant substantially deviates from its bulk value. 
Aligning the scattering vector along the GaAs (220) and GaAs (400), the dominant film 
peaks at 40.8° and 58.6° can be indexed to Fe16N2 (220) and (400) respectively with a 
calculated in-plane lattice constant of 6.26 Å, which is ~10% larger than its bulk value. 
The corresponding Φ scan (Fig.  1d)  performed on these  diffraction  peaks  show four 
regularly spaced peaks at  90º spacing, suggesting an expected 4-fold cubic symmetry 
given the tetragonal lattice of Fe16N2. Since a thin Fe is deposited on the surface-untreated 
GaAs at an elevated temperature, the enhancement of the in-plane lattice constant can be 
attributed to the formation of an Fe/GaAs interfacial phase, likely FeGa3, (crystallizes in 
tetragonal space group: P42/mnm, a=6.26 Å, c=6.55 Å), which promotes the epitaxy with 
larger lattice constant and forces the in-plane lattice to stretch measurably. In common 
rigid metals, straining of crystal lattice by coherent growth is limited to ultrathin films 
with thicknesses of only up to several atomic layers due to the requirement of substantial 
5elastic energy26. In the case of ferromagnetic martensite (Fe-N martensite here) because 
the energy scale is relatively flat over the entire Bain path27, it is possible to stabilize the 
intermediate lattice geometry over a wide thickness range. To further verify the structural 
information, we have measured x-ray reflectivity in one annealed sample in fig. 1e with 
the depth-profile showing in the inset. It is clear that the bulk part of the samples shows a 
scattering length density of 4.6×10-5 Å-2, which is much less than that of nominal Fe16N2 
(5.9 ×10-5 Å-2), suggesting a significantly reduced mass density due to in-plane lattice 
expantion, which is consistent with the in-plane x-ray diffraction analysis. 
Fig. 2a shows a high-angle annular dark-field scanning transmission electron microscopy 
(HAADF-STEM)  image  from  a  cross-sectional  multilayer  sample.  The  layers  show 
brighter contrast for higher average atomic number, so Fe, for example, is the brightest 
layer in this image. Both microbeam and selected-area diffraction patterns (SADP) were 
recorded  as  appropriate  in  different  regions  (Fig.  2b~e);  they  correspond  in  general 
position to the labeled areas in the HAADF image. These diffraction results reveal the 
overall crystalline quality of the film and the epitaxy of the lattice structure of the Fe-N 
layer, which is highly coherent with the Fe buffer layer. With the sample oriented to the 
[110] zone axis of the GaAs substrate, the α-Fe layer is in a precise [110] orientation. 
Using the exact d-spacings for the Fe reflections to calibrate a camera factor for further 
indexing of the rest of the pattern, the d-spacings for the FeN layer are shown to closely 
match a [1-10] zone axis of Fe lattice that has the same tetragonal space group (I4/mmm) 
as the stoichiometric Fe16N2. A microbeam diffraction pattern with the beam spread to 
cover a 75 nm diameter area, was recorded, covering primarily the Fe and FeN layers, 
with a small  contribution from the Ir capping layer  and the C layer  deposited by the 
6focused ion  beam (FIB)  process.  To bring out  additional  diffraction  information,  the 
contrast of this pattern was expanded as shown in Fig. 2f (the as-recorded image is shown 
in Fig. S1). Faint diffuse rings from the amorphous C layer are seen, and a few sharp, 
irregularly spaced reflections from the crystals in the as-deposited Ir capping layer are 
also present.  The predominant feature of the pattern is, however, the periodic array of 
diffuse reflections  that match the ordering reflections  of the Fe16N2 compound.  These 
reflections  are  circled  in  Fig.  2f.  The measured  spacings  and indexing of  the diffuse 
pattern is consistent with the computed [1-10] Fe16N2 pattern shown in Fig. 2g. Bright-
field STEM imaging and the corresponding energy-dispersive x-ray mapping for each 
constituent element (Fig. 3) reveal that N and Fe atoms were distributed homogeneously 
inside the thin-film region without any segregation at the surface or interface, which is 
consistent  with  an  Auger  electron  spectroscopy  measurement  (Ref.  Error:  Reference
source not found).
Polarized neutron reflectometry measurement
  We utilized the technique of polarized neutron reflectometry (PNR) to directly explore 
the depth-dependent magnetization profile of the present Fe16N2 thin films28. As shown in 
Fig. 4a, the spin-polarized (µ+ for spin-up and µ- for spin-down) neutron beam impinges 
onto the sample surface at a grazing incident angle αi and specularly reflects at an angle 
αf (αi =  αf).  The reflectivity data for the two spin states are recorded as functions of 
momentum transfer qz = 4pisin α i /λ, with λ being the neutron wavelength. In this case, 
the propagation of the neutron beam can be presented by optical formalism29, 30, in which 
the interaction between the radiation and the medium is described by the Fermi pseudo 
potential31.
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where  ± denotes the spins of neutrons parallel and anti-parallel to the external field H, 
respectively; N represents number density of the material (~Å-3), mn neutron  mass, bn and 
bm denote the nuclei and magnetic scattering amplitude (~Å), respectively. From the fits 
to  the  two  reflectivity  curves  (R+ and  R-),  the  depth-dependent  nuclear  (Nbn)  and 
magnetic (Nbm) scattering length density profiles (NSLD and MSLD), respectively, are 
determined.  In  particular,  when measuring  at  magnetically  saturated state,  the MSLD 
(Nbm) obtained is linked to Ms32 and allows its direct evaluation. 
  The PNR experiments were performed using the Magnetism Reflectometer on beamline 
4A at  Spallation Neutron Source,  Oak Ridge National Laboratory33.  This is  a time-of 
flight instrument with a wavelength band of 2–5 Å and a polarization efficiency of 98%. 
The  PNR experiments  were  performed  at  room  temperature  in  a  saturation  external 
magnetic field of H = 10 kOe applied parallel to the thin film plane. The non-spin-flip 
(NSF) intensities of spin up and spin down neutrons were recorded alternatively by a 
position sensitive detector.
  We start our PNR discussion by first analyzing the experimental results from a reference 
sample of  pure Fe film on GaAs substrate prepared by the same FST method as Fe-N 
samples. Fig. 5b shows the experimental reflectivities and the corresponding simulations. 
From the fit to the data we obtained both NSLD and MSLD being close to bulk Fe. This 
confirms the expected result that the thin Fe film possesses uniform magnetization, which 
reasonably agrees with that of bulk Fe (~1700 emu/cm3). 
  For the Fe-N films, the PNR experiments were performed under the same conditions as 
the reference Fe film. The results obtained for three samples with different annealing time 
8treatment are shown in the Fig. 5a-c along with corresponding fits to the data. Looking at 
the reflectivity curves of each sample, in addition to the difference of the periodicity of 
the  fringes  due  to  the  thickness  variation,  it  is  noticed  that  as  the  annealing  time 
progressively increases, the oscillation magnitude gradually evolves, which is especially 
robust for the R- curve. In particular,  for the as-grown sample,  the reflectivities show 
pronounced  oscillations  in  contrast  to  that  of  the  20  hrs-annealed  sample,  where  the 
reflectivities become very smooth and without well-defined oscillations. Because of this 
behavior, fits to the data reveal difference in the depth-dependent magnetic properties of 
these films.    
  The middle panel, Fig. 5d-f shows the NSLD depth-profile as functions of the distance 
from the substrate of the four samples, the configurations of which is consistent with the 
structural analysis by XRD (Fig. 1) and are rather uniform through the thickness except a 
“bump” at the bottom interface between film and substrate, corresponding to the seed Fe 
layer. 
  The striking results of the MSLD profiles are shown in the bottom panel of Fig. 5g-i. 
For  all  the  annealed  samples,  the  Ms substantially  exceed  that  of  Fe65Co35 (~1900 
emu/cm3 outlined by dashed blue line). As we progressively increase the annealing time, 
the Ms of the bulk part of the sample enhances significantly and uniformly, reaching up to 
Ms ~ 2500 emu/cm3.  In our previous report (Ref.Error: Reference source not found), it is 
observed  that  the  degree  of  N  site  ordering  is  correlated  with  the  annealing  time 
according to XRD analysis. Therefore, the obtained results prove that the enhancement of 
Ms after a longer annealing time is due to the increasing amount of chemically ordered 
Fe16N2 phase, which is consistent with the previous magnetometry analysis.   
9  Furthermore,  we  compared  our  neutron  results  with  the  bulk  magnetization  data 
obtained using VSM with the error estimation discussed explicitly in the methods section. 
As shown in Fig. 6, we have tested five samples of pure Fe film, as-prepared Fe-N film 
and  three  Fe-N  films  with  different  annealing  time  treatment.  The  extracted 
magnetizations from both measurements are in good agreement.  
Discussion  
   Now we turn to the origin of this giant Ms. In our previous studies, we have proposed a 
possible  scenario  to  realize  a  giant  Ms  beyond  the  Slater-Pauling  curve  (Ref.  Error:
Reference source not found). An immediate predication of the “Cluster (Fe6N) + Atom 
(Fe)” model is the presence of directional charge transfer from Fe to N site, in which 
case, an effective “double exchange” mechanism can be facilitated and consequently, a 
high-spin configuration and long-range ferromagnetic order can be stabilized to develop 
high moment (Fig. 7a). To verify this essential feature, we investigated the nature of Fe-
N bond from individual Fe sites using polarization-dependent x-ray absorption near edge 
spectroscopy (XANES), which allows the evaluation of the local structure with element 
specificity34,  35,  36,  37. The glancing angle XANES measurements were performed with the 
x-ray polarization parallel (E//surface) and perpendicular (E⊥surface) to the Fe16N2 (002) 
surface plane (Fig. 7b). The analysis was done by comparing the simulated spectra with 
(Fe16N2) and without (Fe16N0) N occupying the octahedral center to extract the role of N 
using  the  ab initio FEFF8.4 code38, 39.  The  simulated  polarization-dependent  XANES 
based  on  two  structural  models  of  Fe16N2 and  Fe16N0  are  shown  in  Fig.  7c  and  d, 
respectively. The simulated XANES spectra of Fe16N2 reproduce all essential features as 
observed experimentally,  as  marked  using the vertical  blue  dashed lines,  which  is  in 
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contrast  to  that  of  Fe16N0.  Therefore,  we  used  the  simulated  XANES  spectra  from 
individual Fe sites to investigate the role of N in the Fe16N2. As shown in Fig. 6e and f for 
the E//(002) surface plane, the only substantial spectra modification upon removing N is 
seen on Fe8h (Fig. 6g), which is attributed to its large influence on the in-plane Fe-N 
bonds. In comparison, the XANES spectrum from the Fe4e site shows a slight change 
(Fig. 7f) for the E//(002) surface plane direction. Likewise, a similar conclusion can be 
drawn for the case of Fe4e and the E⊥(002) surface plane, which results from the out-of-
plane Fe-N bonds. The Fe4d site, which is the most distant Fe atom from the N site, 
undergoes  the  least  spectra  modification  with  N  occupation  status  change.  Most 
importantly, it is found that the absorption edges of Fe4e for E⊥(002) surface plane and 
Fe8h for E//(002) surface plane with N (Fe16N2) consistently shift to higher absorption 
energies as compared to absorption edges of Fe16N0. These polarizations correspond to 
the directions of Fe-N bonds. It is well established that the absorption edge is consistently 
shifted to  higher  energies  with higher  Fe valance states (Fig.  S2),  indicating that  the 
energy shift in the Fe absorption edge is associated with the charge transfer from Fe to N.
  To summarize,  we have directly measured and confirmed the existence of the giant 
saturation magnetization in Fe16N2 films utilizing PNR technique. The charge transfer that 
predicted  by the “cluster  +  atom” model  was supported  by the  XANES observation, 
which provides a new insight on the origin of the giant Ms in Fe16N2.  
Methods 
Synthesis of Fe16N2 films 
The iron nitride samples for the PNR experiments were prepared by first depositing a thin 
Fe layer with nominal thickness of 2 nm on GaAs (001) single crystal substrate at an 
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ambient temperature of ~300 ºC. The Fe-N layer was subsequently grown by sputtering 
thoroughly mixed Ar and N2 gases at room temperature. The x-ray diffraction (XRD) and 
transmission  electron  microscopy  studies  reveal  the  formation  of  body-centered 
tetragonal  Fe-N martensite  epitaxially  adopted  on  GaAs(001).  Fine-tuning  of  the  N2 
doping rate results in the formation of stoichemtry Fe/N=8/1 as feedback from Auger 
electron depth profile. After an in-situ post-annealing treatment at substrate temperature 
of 120 ºC on the as-grown samples, chemically-ordered Fe16N2 phase can be favored with 
its degree of N site ordering controlled by the amount of annealing time, which is varying 
from 5hrs to 20 hrs.
Electron microscopy sample preparation and imaging
Samples  for  analysis  via  methods  of  aberration-corrected  high-resolution  electron 
microscopy and electron diffraction were prepared from small pieces of the sample using 
focused ion-beam (FIB) milling techniques. The FIB samples were examined in a Hitachi 
HF-3300 cold-field-emission TEM operated at 300 kV, for bright-field (BF) imaging and 
for electron diffraction pattern acquisition  by selected-area-diffraction and microbeam 
diffraction methods.  In the latter  case,  a 10 µm condenser aperture was used and the 
incident beam set at a diameter of 30 to 75 nm to restrict the area from which diffraction 
patterns were generated; the larger-diameter beam conditions yielded convergent-beam 
patterns with reflections sharp enough for precision measurements of d-spacings. Images 
and diffraction patterns were acquired using a Gatan Ultrascan Model 1000 multi-scan 
CCD camera with a 2k x 2k imaging chip.
Ms measurement using Magnetometry
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A Vibrating Sample Magnetometer (VSM) with a sensitivity in the range of ~10-7emu 
with  applied  field  up  to  10kOe at  room temperature  was  used  to  measure  the  total 
magnetic moment. To measure the volume of the samples, thickness was measured by X-
ray  reflectivity  (XRR) and selectively  cross-checked  by cross-section  TEM image  to 
ensure the accuracy. The error bar is typically 2% determined from the number of visible 
fringes in the XRR curve. To evaluate the film area, two methods were applied to reduce 
the error: 1) Samples subject to VSM test were cut into rectangular shape, the total area 
were calculated by measuring the sidelength using micrometer. 2) The total mass of the 
same sample was measured and compared with the weight of a reference GaAs substrate 
with known area. The difference of the obtained value of the sample area between these 
two  methods  were  treated  as  the  error  bar  which  is  <2%. The  absolute  value  of 
magnetization  typically  falls  in  the  range  of  10-3~10-4emu  with  testing  error  ~3%. 
Standard Ni sample with known magnetic moment (44memu) was tested prior to each 
measurement to ensure the accuracy. It should also be mentioned that the VSM results 
presented here are not from a single point measurement. In fact, two or more samples cut 
from the same piece were checked. The scatter in the magnetization values was within 
5%.
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Figure Captions
FIG. 1 x-ray diffraction characterization a Typical high angle x-ray diffraction data on 
a  Fe16N2 thin  film sample.  b and  c In-plane  X-ray  diffraction  with  scattering  vector 
aligned with GaAs (220) and GaAs (400) respectively, corresponding to a d-spacing of 
6.26Å (Peaks labeled with * is due to the surface oxides)  d the in-plane Φ scan on 
diffraction peaks of (220) and (400). The inset show the zoom-in look of (220) peak as 
marked by the arrow. e X-ray reflectivity measured on one Fe16N2 sample with the fitted 
model shown in the inset. 
FIG.  2  HAADF-STEM image  and  diffraction  patterns  of  epitaxial  Fe16N2 cross-
sectional sample. A HAADF image of a layered Fe-N sample.  b-e  diffraction patterns 
from  the  general  positions  located  by  the  outlined  areas  in  a.  f contrast  expanded 
microbeam diffraction pattern showing [110] zone-axis. The periodic array of reflections 
consistent with the ordering reflections shown in g, the indexed computed pattern for the 
Fe16N2 structure. 
FIG. 3 Chemical analysis of Fe-N layers. Bright field image of a cross-section sample 
and the corresponding energy-dispersive x-ray spectroscopy mappings for Fe, N, Ga, As 
and Ir.  The presence of a uniform distribution of N in the Fe-N layer is clearly evident.
FIG. 4 Polarized neutron reflectometry (PNR). a A sketch of the scattering geometry 
of the polarized neutron reflectometry experiment. The spin-up (µ+) and spin-down (µ-) 
neutrons are defined as spins parallel and anti-parallel to the external magnetic field H, so 
that reflectivity R+ and R- probe the magnetization (M) direction of the sample.  b The 
PNR data (R+ and R- ) with fitted curves of a reference Fe film grown on GaAs substrate 
c The nuclear and magnetic depth-profiles of the  scattering length density (NSLD: Nbn 
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and MSLD: Nbm,  respectively)  shown as functions of the distance from the substrate 
obtained from the fitting in (b). The blue dashed line represents the reference Ms value of 
Fe65Co35 for comparison.
FIG. 5 PNR analysis on Fe-N samples with giant Ms a~c Measured PNR reflectivities 
obtained from Fe-N samples after different annealing time treatment as outlined in the 
figure, along with fitting curves to the data. .  d~f Nuclear and magnetic  g~i  scattering 
length density depth-profiles as functions of the distance from substrate for each film 
after  different  annealing  time.  The MSLD is presented on the left  hand side and the 
magnetization in cgs unit (emu/cm3) is shown on the right hand side of the figures. The 
blue dashed line represents the reference Ms value of Fe65Co35 for comparison. 
FIG. 6 Magnetic characterization comparison. Comparison between VSM and PNR 
results  on average saturation magnetization value obtained for five different  samples: 
pure Fe film, as prepared Fe-N films, three Fe-N after different annealing time. The blue 
line plots the ideal case when the two measurements (PNR and VSM) yield  the same 
results.
FIG. 7 Experimental proof of “cluster + atom” model to rationalize high Ms.  a An 
illustration of the “atom+cluster” model to realize the giant moment in Fe16N2, within the 
Fe6N octahedron, the charge transfer facilitates the high spin configuration and double 
exchange  FM  coupling.  Exterior  the  Fe6N  cluster,  the  intermediate  spin  state  is 
energetically favorable.  XANES analysis  of Fe16N2  experimental  b Fe16N2  calculated  c 
and Fe16N0  calculated  d spectra with polarization direction of X-ray perpendicular (red) 
and parallel  (black) to the sample surface.  e  The crystal  structure of Fe16N2 and each 
individual site. The calculated XANES spectra on of Fe16N2 and Fe16N0   on both Fe4e and 
16
Fe8h sites are shown in f and g, respectively. The horizontal dash blue line refers to the 
normalized absorption value as 0.5. The absolute K-edge of XANES simulation of Fe 
metal is shifted 10.5 eV higher compared to that of Fe metal XANES measurement.  
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